More than 90% of the aspartate in a defined medium was metabolized after lactate exhaustion such that 3 mol of aspartate and 1 mol of propionate were converted to 3 mol of succinate, 3 mol of ammonia, 1 mol of acetate, and 1 mol of CO2. This pathway was also evident when propionate and aspartate were the substrates in complex medium in the absence of lactate. In complex medium with lactate present, about 70% of the aspartate was metabolized to succinate and ammonia during lactate fermentation, and as a consequence of aspartate metabolism, more lactate was fermented to acetate and CO2 than was fermented to propionate. The conversion of aspartate to fumarate and ammonia by the enzyme aspartase and subsequent reduction of fumarate to succinate occurred in the five strains of Propionibacteriumfreudenreichii subsp. shermanii studied.
More than 90% of the aspartate in a defined medium was metabolized after lactate exhaustion such that 3 mol of aspartate and 1 mol of propionate were converted to 3 mol of succinate, 3 mol of ammonia, 1 mol of acetate, and 1 mol of CO2. This pathway was also evident when propionate and aspartate were the substrates in complex medium in the absence of lactate. In complex medium with lactate present, about 70% of the aspartate was metabolized to succinate and ammonia during lactate fermentation, and as a consequence of aspartate metabolism, more lactate was fermented to acetate and CO2 than was fermented to propionate. The conversion of aspartate to fumarate and ammonia by the enzyme aspartase and subsequent reduction of fumarate to succinate occurred in the five strains of Propionibacteriumfreudenreichii subsp. shermanii studied.
The ability to metabolize aspartate in the presence of lactate appeared to be related to aspartase activity. The specific activity of aspartase increased during and after lactate utilization, and the levels of this enzyme were lower in cells grown in defined medium than levels in those cells grown in complex medium. Under the conditions used, no other amino acids were readily metabolized in the presence of lactate. The possibility that aspartate metabolism by propionibacteria in Swiss cheese has an influence on CO2 production is discussed.
Propionibacteria are classically regarded as fermenting lactate and glucose to propionate, acetate, and CO2 in a ratio of 2:1:1 (for reviews, see references 16, 19 , and 29) . However, fermentation of these substrates may give rise to different ratios (29) . For example, the ratio of propionate to acetate varied from 2 to 14 for glucose fermentations by different strains of propionibacteria (31) . A possible explanation has been suggested recently in which citrate plays a role in the anaerobic fermentation of glucose (29) . With lactate as the substrate, the ratio of propionate to acetate varied from 1.7 to 2.2 for Propionibacterium freudenreichii subsp. freudenreichii, Propionibacterium pentosaceum (Propionibacterium acidipropionici) (7) , and Propionibacterium freudenreichii subsp. shermanii (20) grown anaerobically in complex or synthetic medium. P. freudenreichii subsp. shermanii can adapt to aerobic metabolism with lactate oxidation mainly to acetate and CO2 such that the propionate:acetate ratio decreases to 0.25:1.00 (20) .
The formation of succinate may also explain why the ratio of propionate-acetate is not 2:1 under some circumstances (for a review, see reference 29) . Between 7.9 and 26.1 mmol of succinate was produced per 100 mmol of glucose fermented with several Propionibacterium spp. (31) . Utilization of CO2 is involved in the formation of succinate from fermentation of glucose and glycerol by Propionibacterium spp. (32, 33) . The main mechanism for CO2 fixation in propionibacteria involves carboxytransphosphorylase (EC 4.1.1.38), with high concentrations of CO2 favoring succinate as a fermentation product (24, 25, 30) . Succinate is also produced from lactate by P. freudenreichii subsp. freudenreichii growing anaerobically in complex medium (6), although succinate is often found only in trace amounts (7) . The possible contribution of carboxytransphosphorylase to the formation of succinate by propionibacteria growing on lactate has not been studied in detail.
In Swiss-type cheese, the molar ratio of propionate to acetate is usually less than 2:1. For example, the ratio ranged from 0.92:1.00 to 1.74:1.00 (average ratio, 1.38:1.00) in Swiss cheese analyzed by three groups of workers, the data being summarized by Langsrud and Reinbold (19) . In another study (17) , the propionate/acetate ratio ranged from 0.85:1.00 to 0.99:1.00. Succinate is present in Swiss cheese in concentrations ranging from 0.04 to 0.16 g/100 g of cheese (17, 22, 26) . These low ratios of propionate to acetate in Swiss cheese and the mechanisms for succinate formation have not been adequately explained.
The present study was undertaken to examine the formation of succinate by five strains of P. freudenreichii subsp. shermanii growing on lactate. The data suggest that succinate can be produced from aspartate and that this influences lactate metabolism.
MATERIALS AND METHODS
Organisms and culture conditions. The five strains of P. freudenreichii subsp. shermanii (NCDO 566, ATCC 9614, DRI, KFA, and MNS) used were from the collection held at the New Zealand Diary Research Institute, Palmerston North, New Zealand. P. freudenreichii subsp. shermanii DRI and KFA were originally isolated from commercial Swiss cheese.
The complex and defined media used to grow P. freudenreichii subsp. shermanii have been described previously (4). The complex medium contained yeast extract and casein hydrolysate. The main nitrogen source in the defined medium was (NH4)2SO4, with only two other amino acids present in low concentrations (2.5 mM cysteine and 0.5 mM tryptophan). Cultures were grown at 30°C either statically or anaerobically; in the latter case, N2-CO2 (95:5, vol/vol) was bubbled (-30 ml/min) through the medium. The N2-CO2 was passed over freshly regenerated, heated copper turnings to remove any traces of oxygen. In some experiments, the complex medium was modified (4) by pH adjustment to 5.25 (medium pH after autoclaving, 5.30), addition of 1% (wt/vol) NaCl, alteration of the ratio of lactate isomers, and incubation at 22°C.
Aspartase assays. Cell extracts were prepared as described previously (4) . Aspartase activity was routinely assayed by measuring the production of fumarate. The standard assay (1 ml) contained 100 mM imidazole hydrochloride (pH 7.0), 50 mM L-aspartic acid (pH adjusted to 7.0 with NaOH), 1 (10) . Cell extracts were diluted to give an initial absorbance change of less than 1.0/min. The reaction rate was linear for up to 1 min before decreasing to a value between 40 and 60% of the initial rate due to interference from fumarase activity.
The method described above was routinely used because of its convenience and sensitivity. Aspartase activity was also assayed by measuring the rate of ammonia production in the same reaction mixture (total volume, 5 ml). The reaction was stopped at 0, 5, 10, and 30 min by adding 1 ml of reaction mixture to 0.5 ml of 10% trichloroacetic acid. This mixture was subsequently assayed enzymatically (5) (2) .
Materials. All biochemicals were obtained from Sigma Chemical Co., St. Louis, Mo. The lactic acid (Sigma L-1375; Na+ salt) added to the medium contained equal concentrations of the two isomers and is referred to as DL-lactate.
RESULTS
Aspartate utilization in static (semianaerobic) cultures. When P. freudenreichii subsp. shermanii was grown in complex medium, with or without the addition of 120 mM DL-lactate, 4 mM succinate was formed. In the first hour after lactate exhaustion, aspartate was the only amino acid that was utilized. After ATCC 9614 had been incubated for 60 h (1% inoculum) in complex medium with no added lactate, the only amino acids utilized were aspartate, alanine, serine, and glycine. When ATCC 9614 was incubated for up to 120 h in complex medium (containing 120 mM DL-lactate), succinate production was increased by the addition of 10 (0) medium. Medium (pH 6.5) was supplemented with different amounts of aspartate (10 to 40 mM), and culture supematants were analyzed at daily intervals for up to 5 days after inoculation (1% inoculum).
succinate production was observed in medium supplemented with similar amounts of alanine, glycine, or serine (data for the above not shown). The relationship between aspartate utilization and succinate production for ATCC 9614 grown on 120 mM DL-lactate in defined or complex medium is shown in Fig. 1 . For every mole of aspartate used, 1 mol of succinate was formed. This relationship also held for four other strains (NCDO 566, DRI, KFA, and MNS; data not shown). Succinate was formed in excess (2 to 3 mM) of the concentration of aspartate utilized but only when higher initial DL-lactate concentrations (160 to 200 mM) were utilized by the different strains.
Aspartate utilization in anaerobic cultures grown in defined medium. Defined medium was used to obtain fermentation balances that were not influenced by undefined substrates present in the complex medium. With 41 mM aspartate initially present, ATCC 9614 had metabolized only 4 mM aspartate to 4 mM succinate by the time lactate fermentation was finished (Fig. 2) . The remaining aspartate was subsequently metabolized to succinate (final concentration, 41.5 mM). There was an increase in turbidity, associated with this latter phase of aspartate metabolism, and a decrease in the propionate concentration (10 to 13 mM) equal to an increase in the acetate concentration. Thus, the final propionate/acetate ratio was 1.0:1.0 (Fig. 2) , in contrast to a ratio of 2.0:1.0 observed during lactate fermentation in the absence of aspartate (data not shown). The (Fig. 2) , less than 1 mM aspartate had been utilized by the time the lactate had been fermented by NCDO 566. At 40 h after the lactate had been fermented, ATCC 9614 had utilized all of the aspartate, in contrast to the utilization of only 5 mM aspartate by NCDO 566. It was only after a further 60 h that all of the aspartate had been utilized by NCDO 566, with the same final concentrations of fermentation products as produced by ATCC 9614 (Fig. 2) .
Aspartate utilization in anaerobic cultures grown in complex medium. After an initial lag, aspartate was co-utilized with lactate when P. freudenreichii subsp. shermanii ATCC 9614 was grown in complex medium (Fig. 3) . Throughout the growth, the rates of succinate and ammonia formation were similar to the rate of aspartate utilization, and at the end of fermentation, only up to 1 mM succinate was present in excess of the amount of aspartate utilized. The slight increase in ammonia, propionate, and acetate concentrations after lactate and aspartate utilization coincided with decreases in alanine and serine concentrations (data not shown). When the growth medium used in Fig. 3 was supplemented with alanine or serine (final concentrations, 36 and 34 mM, respectively), the concentrations of ammonia, propionate, and acetate showed further increases, but only after lactate and aspartate utilization was complete (data not shown). When all of the lactate and aspartate had been fermented, the culture turbidity was higher (1.3 times) for the experiment in Fig. 3 than for the same experiment without added aspartate.
The amount of aspartate utilized in complex medium during lactate fermentation was studied with two other strains (NCDO 566 and KFA; data not shown) under the same conditions described in Fig. 3 . For NCDO 566, the initial aspartate concentration (33 mM) had decreased only by 2 and 6 mM by the time 50 and 90%, respectively, of the starting concentration of lactate had been fermented. Strain KFA gave results similar to those described for ATCC 9614 (Fig. 3) , for which a faster rate of aspartate utilization was observed. The aspartate concentration had decreased by 8 and 20 mM by the time 50 and 90%, respectively, of the starting concentration of lactate had been fermented by strain KFA. At the end of the fermentation of 180 mM lactate and 33 mM aspartate, the ratio of propionate to acetate was 1. Fig. 3]) . As has been noted in Fig. 3 , the rates of succinate and ammonia formation by NCDO 566 and KFA were similar to the rate of aspartate utilization.
Strain KFA and ATCC 9614, grown in the complex medium without added aspartate, utilized the endogenous aspartate (4 mM) during the time that the lactate concentration was lowered from 180 to 100 mM. A ratio of propionate to acetate of 1.9:1.0 was obtained after lactate and aspartate had been fermented.
Aspartate and propionate utilization in complex medium without lactate. In complex medium with no lactate present, ATCC 9614 metabolized propionate and aspartate to acetate and succinate, respectively, and malate and fumarate were detected in culture supernatants (Fig. 4) . The concentrations of malate and fumarate were approximately equal up to the peak concentration (at 50 h), and then the fumarate concentration decreased at a faster rate compared with malate (data not shown). Malate and fumarate were also detected in culture supernatants of NCDO 566, ATCC 9614, and strain KFA growing on lactate in defined or complex medium (data not shown), although the maximum concentrations formed (<1.8 mM) were not as high as those shown in Fig. 4 (8 found in culture supernatants from Fig. 2 and 3 , respectively (data not shown).
The cell density was 1.23 mg (dry weight) of bacteria per ml (Fig. 4) , compared with 0.16 mg (dry weight) of bacteria per ml for growth on endogenous substrates in complex medium with no added propionate or aspartate. The products of growth on endogenous substrates are propionate (5 mM), acetate (4.5 mM), and succinate (1.5 mM). After correcting for these endogenous products, there was a total of 31 mM propionate and 91 mM aspartate metabolized to 29 mM acetate, 85 mM succinate, and 92 mM ammonia (correcting for ammonia from alanine and serine). The final succinate concentration was 6 mM (range, 5 to 7 mM from six enzymatic and HPLC determinations) lower than the concentration of aspartate used. Another minor pathway for the metabolism of aspartate may have occurred under these conditions (Fig. 4) and may account for this lower succinate concentration.
Alanine and serine were fully utilized (present at initial concentrations of 3 and 2 mM, respectively) whether or not aspartate and propionate were added to the medium. These were the only amino acids, apart from aspartate, that were metabolized during the incubation time studied.
Aspartase activity in growing cells. In ATCC 9614, the specific activity of aspartase increased during and after lactate fermentation (Table 1 ). The specific activity values found in cell extracts were not altered significantly by the presence or absence of aspartate in defined medium or by a low (4 mM) or high (34 (Fig. 4) , the specific activity of aspartase (2.8 p.mollmin per mg of protein) was considerably higher than that found in cell extracts in which lactate was initially present ( Table 1) .
Effect of stressful conditions on aspartate metabolism. Complex medium, compared with defined medium, is more similar to the nutritional conditions found in a Swiss cheese environment. However, the routine growth conditions in complex medium ( Fig. 3 ; also see Materials and Methods) are different from the Swiss cheese environment, particularly with respect to temperature, pH, and salt concentration (4 Fig. 3 (normal growth conditions). When 50 and 90% of the starting lactate concentration had been fermented, the aspartate concentration had decreased by 15 and 32 mM, respectively, under stressful conditions, compared with 7 to 20 mM, respectively, under normal growth conditions (Fig. 3) . For ATCC 9614 growing under stressful conditions, the addition of aspartate to a concentration of 33 mM (cf. with 4 mM endogenous concentration) decreased the final propionate/acetate ratio from 1.9:1.0 to 1.5:1.0 (i.e., after lactate and aspartate exhaustion). Throughout growth under these stressful conditions, the rates of succinate and ammonia formation were similar to the rate of aspartate utilization. However, 5 mM succinate was formed in excess of either of the two initial aspartate concentrations used. This excess succinate produced is likely to have been formed via CO2 fixation by carboxytransphosphorylase. With cells harvested at comparable lactate concentrations in the medium, a two-to fourfold increase in the specific activity of aspartase was found in cell extracts of ATCC 9614 and strain KFA grown under stressful conditions, compared with strains grown under normal conditions.
DISCUSSION
The metabolism by P. freudenreichii subsp. shermanii strains of aspartate to succinate (via the intermediate formation of fumarate) and NH4' influences the way lactate is fermented to propionate, acetate, and CO2 (Fig. 5) . Fumarate, provided externally or generated by intermediary metabolism, is a major terminal oxidant for bacteria (18) . Thus, as a consequence of aspartate metabolism, more lactate is fermented to acetate and CO2 than to propionate. The extra reducing equivalents, formed via pyruvate dehydrogenase (Fig. 5) , are utilized stoichiometrically by fumarate reduction to succinate via fumarate reductase. The final fermentation products from lactate depend on the initial molar ratio of aspartate and lactate. The propionate/acetate ratio of 1:1 in the pathway (Fig. 5) is found for the experiment described in Fig. 2 in which the initial ratio of lactate to aspartate was 2:1. When less than 1 mol of aspartate is fermented with 2 mol of lactate, the propionate/acetate ratio will be between 1:1 and 2:1, as described in Fig. 3 , in which the ratio is 1.5:1.0.
Carbon and oxidation-reduction (O-R) balances provide two important criteria for the evaluation of pathways of anaerobic metabolism (29) . In the closed system of a true fermentation, the aggregate O-R state of the products corresponds to that of the substrates (34) . The production of CO2 was not measured in the present study but has been calculated to be equivalent to the acetate produced minus the succinate formed in excess of aspartate utilized. The contribution of CO2 fixation (by carboxytransphosphorylase) to succinate formation was small under the anaerobic experimental conditions used. The flushing of N2-CO2 (95:5, vol/vol) through the medium presumably reduced the buildup of CO2 and thus CO2 fixation. With ATCC 9614 in defined medium (Fig. 2) (Fig. 5) is supported by carbon and O-R balances.
Aspartase was identified in propionibacteria in 1932 (27) and was later partially purified and characterized from Propionibacterium peterssonii (8, 9) . The metabolism by propionibacteria of amino acids, including aspartate, has been studied (3, 23) . As early as 1923, aspartic acid was found to be a source of acetic acid and CO2 when a propionibacterium strain was incubated in a 4% peptone solution with or without a 0.5% supplement of asparagine (23) . Recently, four strains of propionibacteria were incubated with amino acid mixtures, including aspartic acid, and analyzed only for C02, ammonia, propionate, and acetate (3) .
When propionibacteria were grown in defined or complex medium, although the final products from lactate and aspartate were the same, there was a major difference in the pathway leading to the formation of the final fermentation products. In complex medium (Fig. 3) , 70% of the aspartate was metabolized during lactate fermentation; thus, some of the lactate was diverted from propionate to acetate and CO2 formation to maintain the redox balance. In contrast, only 9% of the aspartate was metabolized in defined medium by the time lactate was exhausted (Fig. 2) . As a consequence, the reducing equivalents are generated by propionate conversion to acetate and CO2. Studies with radioactive compounds have shown that the reactions are reversible in propionic acid fermentation (for a review, see reference 29) . The metabolism of aspartate in defined medium (Fig. 2 ) and in complex medium in which propionate, rather than lactate, was the other substrate (Fig. 4) also indicates the reversible nature of propionic acid fermentation in growing cells of propionibacteria.
For the two strains of P. freudenreichii subsp. shermanii studied, the specific activity of aspartase was between threeand eightfold lower in cells growing in defined medium than in cells growing in complex medium. This difference may explain why more aspartate was metabolized in the presence of lactate in complex medium. Glucose repression of aspartase was observed in Aerobacter aerogenes (11) . Lactate repression of aspartase activity is probably an important control feature of aspartate metabolism because the level of enzyme activity in growing cells increased during and after lactate fermentation and was not altered by the aspartate concentration. The level of aspartase activity and the associated ability to metabolize aspartate in the presence of lactate varied in NCDO 566, ATCC 9614, and strain KFA. Metabolism of a number of amino acids by propionibacteria may be important in the split defect in Swisstype cheese (3) . On the basis of this study, aspartate is the only amino acid likely to be readily metabolized by propionibacteria in a Swiss cheese environment when lactate is present and being rapidly metabolized in the warm room. Aspartate was more readily metabolized under stressful conditions similar to the Swiss cheese environment (e.g., low pH, 22°C, and in the presence of NaCl) than under the more optimum conditions of growth (pH 6.5, 300C, and with no added NaCI) that were routinely used. If aspartate metabolism occurs during lactate fermentation in Swiss cheese in a manner similar to that found in complex broth, then the conversion of aspartate to succinate and ammonia is associated with altered lactate metabolism. More acetate and CO2 are formed at the expense of propionate. Carboxytransphosphorylase and aspartase activity explain both the presence of succinate in Swiss cheese and the reason that the ratio of propionate to acetate is less than 2:1. However, CO2 production is enhanced as a consequence of aspartase activity and is decreased by the CO2 fixation step catalyzed by carboxytransphosphorylase. The variability of CO2 production during lactate fermentation as a consequence of aspartase activity is dependent on the strain and also on factors that contribute to the availability of aspartic acid. Although there are data on the free amino acids in ripening Swiss cheese (for reviews, see references 18 and 21), the free amino acid content in the earlier stages of lactate utilization in the warm room has not been considered in detail.
